The technological evolution of the 1990s in both combinatorial chemistry and high-throughput screening created the demand for rapid access to the compound deck to support the screening process. The common strategy within the pharmaceutical industry is to store the screening library in DMSO solution. Several studies have shown that a percentage of these compounds decompose in solution, varying from a few percent of the total to a substantial part of the library. In the COMDECOM (COMpound DECOMposition) project, the compound stability of screening compounds in DMSO solution is monitored in an accelerated thermal, hydrolytic, and oxidative decomposition program. A large database with stability data is collected, and from this database, a predictive model is being developed. The aim of this program is to build an algorithm that can flag compounds that are likely to decompose-information that is considered to be of utmost importance (e.g., in the compound acquisition process and when evaluation screening results of library compounds, as well as in the determination of optimal storage conditions). (Journal of Biomolecular Screening 2009:557-565) 
INTRODUCTION
I n the trail of the technological developments in combinatorial chemistry and high-throughput screening (HTS) over the past 10 years, pharmaceutical companies have not only synthesized significant numbers of compounds internally but have also acquired large sets of compounds from external partners. To have an easily accessible compound deck for the numerous screens, copies of the screening library in DMSO solution were stored under various physical conditions. Only later, it was noticed that part of that liquid store had decomposed. One could only estimate how serious the problem was and to which extent decomposition had affected the overall quality of the liquid store.
This prompted Specs to initiate a study aimed at a systematic monitoring of COMpound DECOMposition (COMDECOM) in DMSO solution. The COMDECOM project was carried out in collaboration with 7 pharmaceutical companies, and together the research program was defined. A diverse selection of screening compounds was dissolved in DMSO, in 2 mM concentration, transferred into microplates, and these plates were stored at different temperatures (see below). The purity of the solutions was monitored at predetermined times. To achieve an enhanced decomposition and gain insight into long-term stability, drastic storage conditions were applied. In the first phase of the program, all DMSO solutions were stored at 50 °C. From the compounds that decomposed after storage at this temperature, fresh samples were prepared, and new daughter plates were stored at lower temperatures, specifically 25 °C (ambient), 4 °C, and -20 °C.
DMSO is known to be a hygroscopic solvent, and water uptake has always been considered as the main reason for decomposition reactions to occur in solution. 1 To monitor the effect of the water uptake, the screening compounds were also stored in a solution of DMSO where 20% (v/v) of water was added.
The goal of the project was to gather stability data on a diverse set of screening compounds and to build a predictive model on compound stability from the generated data set. This model would be used in evaluating the quality of a library and flag the compounds that are likely to decompose. The stability factor could then be taken into account when interpreting screening results. The model could also serve as a chemistry guide in lead optimization and consider the stability issue when generating analogs of hit molecules.
eXPeRImeNTAL

Selection of compounds
Each member of the COMDECOM consortium selected a number of compounds from the commercially available compounds from Specs. To check the diversity of the total selection, 32 topological descriptors were computed for the complete Specs library. A principal component analysis was applied from which the 3 most important components were used to create a 3D graph. Every compound was represented by a dot in the chemical space. The "clouds" of dots from the COMDECOM set and the Specs stock at that time showed a comparable and uniform distribution in the 3D space, and no clustering was observed. It can be stated that both sets represent a similar chemical space and consequently can be considered chemically diverse.
Storage of dry samples
The dry powders were stored in amber glass screw-capped vials at ambient atmosphere.
Quality control
Before entering the COMDECOM stability study, all compounds were confirmed to be over 90% pure by hydrogen nuclear magnetic resonance ( 1 H-NMR; in CDCl 3 ) and by liquid chromatography/mass spectrometry (LC/MS; following the standard COMDECOM protocol; see below).
Preparation and storage of microplates
From all compounds, 2-mM solutions were prepared in glazen tubes under dry atmosphere. These solutions were shaken for 10 min and transferred (100 µL per well) into 96-shallow well microplates (Corning Costar, Corning, NY). Several plate copies were made to be measured at the various time points. Small aliquots of water (25 µL) were added to the plates for the DMSO/H 2 O experiment.
The weighing was carried out on a Sartorius balance, and liquid-handling protocols were executed using TECAN Miniprep 75 and TECAN Genesis RSP 200 (TECAN, San Jose, CA). These apparatus were installed in an enclosed space to allow for controlled environmental conditions. The air was passed continuously over a desiccant (silica), and the humidity was monitored constantly (relative humidity [RH] <5 %).
All plates were sealed with pierceable aluminum foil using a REMP (Oberdiessbach, Switzerland) heat sealer.
Plates were stored at different temperatures: 1 set of plates in an oven was operating at 50 °C, 1 set of plates was stored in ambient atmosphere (no humidity or temperature control), and 2 other sets were stored in a refrigerator and in a freezer at 4 °C and -20 °C, respectively.
LC/MS protocol
The LC/MS measurements were carried out on 2 Waters Alliance 2795 units (Waters Corp, Irvine, CA), each equipped with a photodiode array (PDA) detector (240-320 nm) and a ZMD-2000 mass spectrometer, operating with an electron spray probe in positive ionization mode. The samples were injected via the internal autosampler of the Alliance unit and separated on a Waters Symmetry C18 column (2.1 × 50 mm, 3.5 µm, 100 Å) in a column heater at 30 °C with a water/ acetonitrile gradient, in the presence of 0.05% formic acid, to facilitate ionization in the MS.
Purity assessments were made based on the relative peak area in the chromatogram, corresponding to the correct molecular ion in the MS. Peak areas originating from isomers were added. The integration was carried out by the LC/MS operating software (Waters Masslynx/Openlynx Version 3.5).
Data handling and storage
The setup of the project demands full control of all logistic steps: plates were presented at the LC/MS at dedicated times after dissolution of the compounds, but at that time, the results of the analysis of the previous time point were to be completed and registered in the database. If not, the sample list for the LC/ MS cannot be created. Therefore, a software program was developed to guide the operators through the various protocols and make all steps traceable. The logistics program was written in Visual Basic and operating on an Oracle database; it controlled the stock of mother vials, plating procedure, flow of the compounds throughout the project, daily list of plate barcodes to be analyzed, generation of the LC/MS work list, input of results of the LC/MS analysis, and so on.
Predictive model
The cleanup of the data set and preparative calculations have been performed by pyMOSES, a Python version of the MOSES C++ library, developed at Molecular Networks (Erlangen, Germany). The statistics and model building was done using R (2.5.1) 2 and Weka (3.4.6). 3
ReSULTS AND DISCUSSION
General setup of the project
In total, about 12,700 compounds were considered in the stability study. Each week, a limited number of compounds entered the program to ensure that all measurements could be carried out at the dedicated time points by both LC/MS machines. For logistical reasons, it was chosen to analyze the solutions at t = 0 days (the day of dissolving), t = 14 days, t = 35 days, and t = 105 days. For each time point, a dedicated copy of the microplate was used.
To limit the number of analyses, it was decided that compounds that drop in purity below 50% are disregarded in subsequent times at that temperature. These compounds are considered again in a next round, where solutions are stored at a lower temperature, and the decomposition process is expected to be slowed down. Moreover, compounds proven to be above 80% purity at t = 105 days are considered stable and are not analyzed at lower temperatures. The 80% threshold was set by the consortium and is a generally accepted purity standard.
Quality control
Before entering the COMDECOM study, all compounds were subjected to a quality control procedure. All 12,000+ compounds were subjected to 1 H-NMR analysis in CDCl 3 . If the compound was not dissolving in CDCl 3 , a small aliquot of CCl 4 was added to ensure dissolution.
The compounds that were over 90% pure based on this 1 H-NMR analysis entered the COMDECOM study (storage at 50 °C). The t = 0 days analyses by LC/MS were also used to filter all compounds that could not be analyzed with the chosen chromatographic or ionization method. The purity from LC/ MS had to be above 90% as well.
Stability issues
Initial purity (t = 0 days). As mentioned before, a compound must prove to be greater than 90% pure by both NMR and LC/MS to enter the stability study. From all the compounds that passed NMR, a substantial set failed in the LC/MS test (about 1500 compounds, ~12%). A random selection of 500 of these 1500 compounds was made to look further into the causes of this difference. These 500 compounds were reanalyzed again by NMR, now in DMSO-d 6 solution. The results of the 3 analyses were compared:
• 29% decomposed upon dissolving in DMSO;
• 38% decomposed during the LC/MS measurement (the eluens are slightly acidic; see Experimental section); • 20% cannot be analyzed using the chromatograph of the MS method chosen due to, respectively, a weak PDA signal or weak ionization; • 13% showed unclear results (e.g., a slight difference in quantification in the 2 techniques).
Stability of solids.
If the purity of a solution after storage for 105 days had dropped below 80%, the compound was considered for the next temperature experiment, where the solutions were being stored at a lower temperature. In these cases, new solutions were prepared from the dry-powder stock, and new copies of daughter plates were made. Consequently, comparison of the t = 0 measurements from the different temperature experiments gave a clear view of the stability of the dry powders in the mother vials. From all compounds that decompose in solution (in DMSO or DMSO/H 2 O) after storage at 25 °C, 4 °C, and -20 °C, only 2.4%, 1.8%, and 0.5%, respectively, had decomposed in fresh solutions prepared from the dry powders.
DMSO and water uptake
DMSO is a strongly hygroscopic solvent, so significant attention was given to the dry conditions for all liquid-handling operations. The effect of storage (for different time periods, at different temperatures) on the water content of the dry DMSO in the microplates was monitored by Karl Fisher titrations. 4 The plates stored at 50 °C showed a higher water uptake (15%) after storage for 105 days (see Fig. 1 ). This effect should be taken into account when using the stability data obtained at this time point, but it is not a common temperature to store polypropylene plates for such a period of time. At the lower temperatures, the water content in the DMSO ranged from 2% to 5%. Considering the water content in the plates stored at the lower temperatures, one can conclude that the plate material is not very sensitive to water diffusion, and the aluminum seals are absolutely reliable at a wide temperature range and for a relatively long period of time. The higher water uptake at 50 °C might be caused by a change in the properties of the plate material at this temperature, allowing diffusion of water to take place.
DMSO vs. DMSO/H 2 O (80/20 (v/v))
. At all temperatures investigated, the number of compounds that remained stable in DMSO was higher compared to the DMSO/H 2 O solution. Moreover, looking solely in a qualitative manner at the results It is important to note that the stability data can be influenced by differences in solubility of the various components in the solution. The solubility of the "original" compound and impurity can vary in DMSO versus DMSO/H 2 O. All plates passed a visual check, and the presence of precipitate in a well was flagged in the database. In the end, these visual checks seemed not to be very reliable (e.g., precipitate at t = 14, none at t = 35, again at t = 105 days) and were not considered for the model building. From the start, COMDECOM was set up to approach a real-life situation. In an HTS process, the liquid handlers are only transferring solutions, not the precipitates. Accordingly, the emphasis was put on the composition of the solutions.
Decomposition and chemical reactions. In a structurally diverse set of compounds, there is a wide range of chemical reactions possible upon storage in DMSO solution, such as hydrolysis, oxidation, isomerization, rearrangements, and so on. In the following figures, the chromatograms are shown of a compound that remains stable in DMSO but decomposes in DMSO/H 2 O (Fig. 3a) . An interesting feature is the different isomer distribution after storage in dry DMSO conditions. Figure 3b shows an example of a compound being stable in DMSO/H 2 O but decomposing in DMSO. A relatively small fraction of compounds (3% at 50 °C) show this remarkable stability profile, which is not always straightforward to explain. The reasons may be various and should not always be linked to the structure of the main compound. Impurities, salts, and residual solvents present in the original dry-powder sample can play an important role in the stability profile of the sample.
How "stable" is the COMDECOM set? As shown in Table 1 , the majority of the compounds in the COMDECOM set remained stable after storage at 50 °C in both dry DMSO and DMSO/H 2 O, even after 105 days (7331 of 12,117, or 60.50%). The number of compounds that decomposed under both conditions after storage at -20 °C was rather low (572 from the original 12,117 compounds, or 4.7%).
When considering these figures, it should be noted that all compounds in the COMDECOM set were purified, single synthesized solid compounds. Many other libraries contain compounds originating from combinatorial chemistry or parallel synthesis; these products are often dried-down films and, worse, can contain traces of acids (i.e., CF 3 COOH) that can operate as a catalyst in decomposition reactions. In those cases, the number of decomposed compounds may be appreciably higher.
Development of a predictive model
A predictive model based on the COMDECOM data set should preferably serve several purposes: (1) the prediction of stable compounds should be precise-no false positives (such that, e.g., screening data of these compounds can be trusted), (2) substructures that are likely to decompose should be identified, (3) eventually the algorithm should propose a more stable analog, and (4) if possible, the algorithm should be transparent such that one can retrieve the structures of the compounds in the database that were used to make the prediction.
At this stage of the project, it was not feasible to determine all the decomposition products of all unstable products. First, an attempt was made to build a model solely based on the stable/ unstable classification without any other supporting data.
To define the strategy for the model building, the data set was limited to the most reactive data point: the stability profile at 105 days after storage at 50 °C in DMSO/H 2 O.
The work reported in the following paragraphs was based on this sub-data set.
Cleanup of the data set. A cleanup procedure was applied to the data set, and compounds with inconsistent purity profiles were removed. Although LC/MS is a widely used and reliable analytical technique for purity assessment of screening compounds, when doing repeated measurements on a single sample over a period of time, differences in purity are observed that can be attributed to variations in the column characteristics, reduction of the power of the light source in the PDA detector, software-related issues, and so on. These features are inherent to the technique. Consequently, when comparing several individual analyses on 1 compound, the software does not always consider a small peak as such-sometimes, these peaks are considered humps in the baseline.
This phenomenon affects the relative percentage of the peak surfaces substantially, resulting in relatively large error margins. Therefore, the experimental error to be considered has been set to 4%. Accordingly, an inconsistent purity profile shows a concentration c t at time t that is higher than c t -1 + 4%. About 9% of the compounds were disregarded from the data set due to inconsistent profiles.
Data distribution. The distribution of the data set was the next challenge. There are 2 large categories: 47.52% of the compounds have purity >95%, and 38.24% have decomposed already in previous time points and were not even measured anymore at the t = 105 days time point. There was a relatively small selection (14.24%) showing intermediate purity percentages. Therefore, the data set was not suitable for a regression model, and a classification scheme had to be found to assign stable/unstable classes.
Definition of stable/unstable. The classification of stable/ unstable was made based on purity higher/lower than 80%. To account for the error in the measurement, a gap was defined between 76% and 84%. Compounds with a purity percentage at t = 105 days between 76% and 84% were removed from the data set because they generate too many false predictions (79.9% purity would be unstable, whereas 80.1% would be stable).
The final data set contained 11, 193 compounds (about 88% of the original data set), where 52% were stable and 48% were unstable. This data set represented the original data set quite well and did not lead to too many dropouts.
Modeling with different sets of descriptors. The basic paradigm in a quantitative structure-property relationship (QSPR) approach is that a molecular property can be derived from its structure. The structural information has to be described in an appropriate manner, and a dependency has to be established between the structural descriptors and the mole cular property using an appropriate statistical method.
Various sets of descriptors were investigated for their modelbuilding capacity.
Modeling with whole-molecule descriptors. First, an approach was made with descriptors of the whole molecule composed The values in brackets represent a percentage of the total number of compounds that originally entered the study (12, 117) .
of topological autocorrelation vectors (AC) 5 using partial charges and atomic polarizabilities as atomic properties. In addition, the topological polar surface area (TPSA) 6 was also included. These descriptors were calculated with ADRIANA. Code. 7 Model building by partial least squares regression was not successful. This can easily be explained as decomposition reactions start at certain sites in a molecule. Describing the structure of an entire molecule is not appropriate for such a problem, which rather asks for descriptors attached to the specific reaction sites. To explore this approach, we decided to investigate subsets of the database for which only 1 reaction was possible.
Modeling with reaction site descriptors. The compounds in the COMDECOM set are multifunctional; in most molecules, there are different sites that can react upon storage in DMSO solution. Several reactions can take place in DMSO-mainly, hydrolysis and oxidation. At first, because we focused on the stability data after storage for 105 days at 50 °C in DMSO/H 2 O, hydrolysis would be the principal reaction taking place.
In a first stage, several reaction sites were defined (halides, esters, amides, etc.), and single-substructure data sets were created. All the compounds in this data set showed only 1 potential reaction site (halide, ester, or amide). The hydrolysis reaction of these reaction sites was described by physicochemical descriptors, which subsequently will be used to model the stability.
Only 3 sub-data sets could be retrieved from the overall set, which had enough examples to allow the application of a data analysis method. The characteristics of the data sets are given in Table 2 .
A set of atomic and bond descriptors selected for the reaction site were defined for the hydrolysis of these 3 functional groups. For representing short-range electronic effects, we used atomic total charges q tot , 8, 9 bond polarity ∆q tot (difference of q tot of the atoms forming a bond), and bond polarizability α b . 10 For taking into account long-range π-electron effects, we used descriptor modeling resonance effects, D +/-. 11 Figures 4a-c gives details on the descriptors used for the distinct models and illustrates the bonds and atoms the descriptors were actually calculated for.
Partial least squares regression and logistic regression were used for model building. The carbo-halogen data set provided a quantitative model. Leave-one-out (LOO) and 5-fold crossvalidation gave 88.9% and 87.9%, respectively, of correct classification. The classification results are shown in Figure 5a . As we have chosen a numerical representation for stable/unstable of +1/-1, all predicted values with positive numbers are considered stable and all negative values unstable.
For the esters data set, a good classification model could be obtained by using the 6 descriptors, as shown in Figure 4b , together with 2 indicator variables reflecting whether the ester group is part of a lacton ring or the carbon atom attached to the carbonyl group is aromatic. The LOO and 5-fold cross-validated models had an accuracy of 88.2% and 82.4%, respectively. The results are shown in Figure 5b . For the amide data set, we used 3 descriptors, as shown in Figure 4c , and introduced 3 indicator variables reflecting whether the amide group is part of a lactam ring, whether the atom attached to the amide group is aromatic, and whether the amide group is part of an imide. The model obtained had a classification accuracy of 84.2% and 81.6% for the LOO and the 5-fold cross-validation. The results are shown in Figure 5c .
Other modeling techniques, such as self-organizing maps, k-nearest neighbors, or support vector machines, gave comparable results.
Unfortunately, for other classes of compounds having only a single functional group, not enough cases had been measured for their stability to allow a QSPR approach.
Modeling with molecular fragments. A special case of QSPR approaches includes the so-called additivity schemes 12 : structures are represented by sets of molecular fragments, and the molecular properties are considered to be linearly composed of constant increments for each fragment. The fragmentation scheme is the crucial step in those approaches. Fragmentation can be done on an atomic level (0 order), bond level (1st order), or group level (2nd order). The choice of the appropriate level depends on the kind of property considered. For some properties, the 0th order approach shows sufficient accuracy. This approach can be refined by taking the hybridization state into account. Mean molecular polarizabilities 13 or log P-values 14 can be calculated using atomic hybridization state fragments. A step further leads to bond fragments. Bond fragments can also be refined considering the atom types that make up the bond. 15 A further improved accuracy can be achieved by using group fragments. A group consists of a central atom and its first topological sphere. A modified group fragmentation scheme was introduced by Allen. 16 The 1,2-interactions and 1,3-interactions are considered in that scheme by different group types. The 1,2-interactions are simply bond fragments, whereas 1,3 interactions are represented by linear or branched group types.
Based on the Allen fragmentation scheme, as we had applied it to the calculation of heats of formation, 17 each compound is represented by a vector containing the frequencies of occurrences of the Allen fragments. All available fragments (atomic, bond, and group) have been used, and no filtering was applied (i.e., fragments that are over-or underrepresented have not been removed from the data set). Considering that inherently unstable structural features might have only small frequencies but may be crucial for the modeling, this information would get lost upon filtering. On the other hand, algorithms such as partial least squares (PLS) regression are able to handle large and sparse data matrices, and therefore filtering is not required. The Allen fragmentation resulted in a descriptor of length 448.
A variety of statistical techniques were applied to model stability with the Allen fragmentation descriptor. The results are summarized in Table 3 . Even though some techniques give a CV, coefficient of variation; PLSR, partial least squares regression. a Based on 24 out of 448 variables selected by Weka's best first variable selection algorithm.
